Introduction
In the majority of patients with chronic myeloid leukemia (CML), fusion of parts of the BCR and ABL genes generates the BCR-ABL tyrosine kinase. 1 This fusion protein interacts with a large number of signaling pathways that allow cells to proliferate in the absence of growth factors and protects them from apoptosis in the absence of external survival factors. In addition, this abnormal signaling leads to defective adherence to the extracellular matrix, and promotes survival and metastasis. 2 In addition to, or concomitant with, the roles of BCR-ABL, there is emerging evidence that BCR-ABL expression initiates a cycle of genomic instability that has the potential to create other mutations. 3 Specifically, the BCR-ABL kinase induces production of reactive oxygen species (ROS) that causes DNA damage, including double-strand breaks (DSBs) in CML cells. [4] [5] [6] Thus, cells transformed by BCR-ABL, primary CML cells and cell lines established from CML patients, have increased endogenous DNA damage as measured by various DNA damage assays. [7] [8] [9] Mutations and large deletions in CML cells result from aberrant repair of DSBs by homologous recombination (HR) and nonhomologous end-joining (NHEJ), the 2 major DSB pathways in mammalian cells. 6, 9, 10 In particular, we have shown that CML cells respond to increasing DNA damage with enhanced DNA repair processes, including an error-prone version of NHEJ that is characterized by a high frequency of large deletions, compared with normal CD34 ϩ hematopoietic progenitor cells. 9, 10 The major NHEJ pathway in human cells is initiated by binding of the Ku70/86 heterodimer to DSB, followed by the recruitment of DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the active DNA-dependent protein kinase (DNA PK). [11] [12] [13] In addition to its essential kinase activity, DNA PKcs is the endbridging factor responsible for synapsis of DNA ends. After protein-mediated end bridging, the DNA ends are subsequently ligated by DNA ligase IV in conjunction with XRCC4. 14 The majority of DSBs generated by agents such as ROS and X-radiation produce DSBs that rarely have ligatable 5ЈP and 3Ј-OH termini. Therefore, the synapsed DNA ends must be processed before ligation by DNA ligase IV and XRCC4 during NHEJ. Many of these processing events involve a nuclease because repair by NHEJ frequently results in small DNA deletions (up to approximately 20 bp), resulting from resection of the DNA ends back to regions of DNA sequence microhomology. 15 , 16 There appears to be a redundancy in the nucleolytic processing step because the Artemis nuclease that is phosphorylated and activated by DNA PK is required for processing only a subset of "complex" DNA ends. 17 Another candidate nuclease is the WRN protein, which is mutated and deleted in the premature aging syndrome, Werner. 18, 19 WRN interacts with DNA-PKcs and the Ku70/86 heterodimer. [20] [21] [22] [23] Notably, Li and Comai showed that binding of WRN to Ku86 increases its exonuclease activity. 22, 23 Although WRN is a nuclease, WS cells lacking WRN expression generate extensive deletions when joining linear plasmids by NHEJ and exhibit chromosomal instability, in particular deletions. 24 This, suggests that whereas WRN may participate in the limited nucleolytic processing characteristic of NHEJ, DNA ends may be exposed to degradation by an as yet unidentified nuclease in the absence of WRN.
Recently, other DNA repair proteins have been identified that can substitute for major NHEJ proteins when they are deficient or down-regulated. This "backup" repair appears to be slow, inefficient, and characterized by an increased frequency of errors generated through microhomology-mediated ligation of DNA ends. [25] [26] [27] [28] In cells with reduced DNA ligase IV activity, DNA ligase III␣, which usually functions in single-strand break repair (SSB) and base excision repair (BER), 29 was shown to participate in DSB repair. 25 In cells deficient in the Ku heterodimer, poly (ADP-ribose) polymerase (PARP), an abundant DNA-binding protein that normally initiates the repair of ss breaks, was shown to play a role in repair of DSBs by NHEJ. 25, [30] [31] [32] Although the major NHEJ pathway is considered error prone, the increased frequency and type of repair errors at DSBs in CML suggested altered NHEJ repair activity. Therefore, we have examined the steady state expression levels of NHEJ and candidate backup repair proteins. Notably, 2 proteins from the major NHEJ pathway, Artemis and DNA ligase IV, are down-regulated. In contrast, DNA ligase III␣, which has been implicated in backup, NHEJ, and WRN are up-regulated and associate in a novel complex in BCR-ABL-positive CML cells. Our data suggest that genomic instability in these cells arises because of the reduced activity of the major NHEJ pathway and the increased activity of an error-prone backup NHEJ pathway involving DNA ligase III␣ and WRN.
Methods

Cell lines and antibodies
Studies of human subjects were performed under University of Maryland institutional review board approval, in accordance with the Declaration of Helsinki, compliance number H25314. K562, MEG01, KU812, and Kasumi4 are BCR-ABL-positive CML cell lines, and U937 is a BCR-ABLnegative cell line (ATCC, Manassas, VA). MO7e, a BCR-ABL-negative human myeloid leukemia, and MO7e BCR-ABL (P210MO7e), stably expressing BCR-ABL, were a kind gift from Dr Van Etten (Tufts University, Boston, MA). NC3, NC10, and NC108, human lymphoblastoid lines established from normal lymphocytes, were a kind gift from Dr Gazdar (University of Texas Southwestern, Dallas, TX). Cell lines were cultured in RPMI (Cellgro, Herndon, VA) with 2 mM L-glutamine (Cellgro), antibiotics, and penicillin-streptomycin (Invitrogen, Carlsbad, CA) supplemented with fetal bovine serum (FBS; ATCC), as indicated by the ATCC. Cells were incubated at 37°C in 5% CO 2 in air atmosphere.
Antibodies
The following antibodies were used in the study: Ku86 (Calbiochem, San Diego, CA), mouse monoclonal to human Ku86 at dilution 1:1000; DNA-PKcs (C-19; Santa Cruz Biotechnology, Santa Cruz, CA), goat polyclonal to C-terminal of human DNA-PKcs, at dilution 1:500; Artemis (Abcam, Cambridge, United Kingdom), goat polyclonal to Artemis at dilution 1:1000; DNA ligase IV (Acris Novus Biologicals, Littleton, CO), rabbit polyclonal antibody to human DNA ligase IV, at dilution 1:1000; XRCC4 (Gene Tex, San Antonio, TX), mouse polyclonal to human XRCC4, at dilution 1:1000; DNA ligase III␣ (Gene Tex), mouse monoclonal to human DNA ligase III␣, at dilution 1:1000; XRCC1 (Gene Tex), rabbit polyclonal antiserum to human XRCC1, at dilution 1:5000; WRN (Abcam), rabbit polyclonal to Werner syndrome helicase WRN, at dilution 1:500; PARP (BD Pharmingen, San Diego, CA), mouse monoclonal to human poly (ADP-ribose) polymerase 1 (PARP1), at dilution 1:1000; anti-myc (Invitrogen, Carlsbad, CA) at dilution 1:1000; actin (Abcam), mouse monoclonal to beta actin, at dilution 1:5000; HRP rabbit anti-goat IgG (Chemicon, Temecula, CA); HRP donkey anti-goat IgG (Promega, Madison, WI); HRP goat antirabbit (sc-2004); HRP goat antimouse (BioRad, Hercules, CA); anti-phospho-histone H2AX (Upstate, Lake Placid, NY); anti-mouse IgG FITC conjugate (Sigma Genosys, The Woodlands, TX); and anti-mouse IgG TRITC conjugate (Sigma Genosys).
Western blotting
Nuclear extracts were prepared using CelLytic NuClear Extraction Kit (N-XTRACT, Sigma-Aldrich, St Louis, MO) using a nondetergent protocol. Cells were lysed in 1ϫ hypotonic lysis buffer from a 10ϫ lysis buffer stock, containing 100 mM HEPES, pH 7.9, 15 mM MgCl 2 , 100 mM KCl in the presence of 0.1 M DTT and protease inhibitor cocktail containing 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatin A, bestatin, leupeptin, aprotinin, and trans-epoxysuccinyl-L-leucyl-amido (4-guanidino)-butane (E-64). After centrifugation of the disrupted cells in suspension for 20 minutes at 10 000g to 11 000g, the supernatant (cytoplasmic extract) was transferred to a fresh tube. For nuclear extract, crude nuclear pellets were resuspended in 1ϫ extraction buffer containing 20 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 0.42 M NaCl, 0.2 mM EDTA, 25% (vol/vol) glycerol. To 147 L of 1ϫ extraction buffer, 1.5 L of the prepared 0.1 M DTT solution and 1.5 L of the protease inhibitor cocktail were added, shaken gently for 30 minutes, and centrifuged for 5 minutes at 20 000g. The supernatant was transferred to a clean, chilled tube, snap-frozen in aliquots with liquid nitrogen, and stored at Ϫ 70°C. Nuclear extract (50 g) was boiled in 2ϫ Laemmli sample buffer (BioRad) for 10 minutes. The proteins were separated on either 7.5% or 4% to 15% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred on PVDF membrane. After blocking, membranes were probed with first antibody and secondary antibody as indicated above. Enhanced chemiluminescence (ECL; Amersham Biosciences, Arlington Heights, IL) was used for detection of the proteins.
Immunoprecipitation
Protein A agarose (Upstate) was washed twice with PBS and restored to a 50% slurry with PBS. The nuclear lysate (1 mg/mL), using CelLytic NuClear Extraction Kit (N-XTRACT), was precleared adding 100 L protein A bead slurry per 1 mg cell lysate and incubating at 4°C for 10 minutes. Protein A beads were removed by centrifugation at 16 000g at 4°C for 5 seconds. The supernatant was transferred to a fresh centrifuge tube. WRN or DNA ligase III␣ antibodies were added to cell lysate and gently mixed overnight at 4°C on a rocker. The immunocomplex was captured by adding 100 L protein A beads slurry and gently rocking for 2 hours at 4°C. The agarose beads were collected by pulse centrifugation for 5 seconds at 16 000g. The supernatant fraction was discarded and the beads were washed 3 times with 1 mL ice-cold PBS. The agarose beads were resuspended in 60 L 2ϫ Laemmli sample buffer, mixed gently, and boiled for 5 minutes to dissociate the immunocomplex from the beads. The beads were collected by centrifugation and SDS-PAGE was performed with the supernatant fraction.
K562 and NC10 DRneo transfectants
K562 and NC10 cells were stably transfected with DRneo plasmid in the presence of 350 g/mL hygromycin B (Cellgro). Stable K562 and NC10 cells containing DRneo plasmid were engineered with an inducible DSB, ISce-1. 33 DSBs were induced in stable transfectants by transient transfection of the unique ISce-1 restriction enzyme construct (1 g/10 6 cells) using Amaxa Nucleofector Kit V (Gaithersburg, MD). After induction of the ISce-1 DSB, fluorescence in situ hybridization (FISH) coimmunostaining was performed as previously described 34 to colocalize ␥H2AX, Ku86, DNA ligase IV, DNA ligase III␣, and WRN proteins to the ISce-1 site of DRneo. Briefly, DRneo was labeled with biotin and detected with FITCconjugated avidin (green signal). Thereafter, cells were immunostained for these proteins and detected indirectly with TRITC-conjugated IgG.
Fluorescence in situ hybridization
FISH was performed as previously described. 34 Probes were prepared by nick translation using Bio-11-dUTP (Enzo Diagnostics, New York, NY) and digoxygenin-11-dUTP (Boehringer Mannheim, Mannheim, Germany) or using directly labeled nucleotides (Invitrogen or Vysis, Downers Grove, IL). The hybridization mixture contained the labeled DRneo probe (5.0-10 g/mL), competitor DNA (unlabeled, sonicated, total human genomic DNA, 0.05-0.1 mg/mL), and the Cot1 fraction of DNA (0.05-0.1 mg/mL). Probes were hybridized to cytospin preparations of cells overnight at 37°C in a humidity chamber, and subsequently slides were washed according to standard protocols. Slides were preincubated in blocking buffer (4ϫ SSC containing 2% bovine serum albumin [BSA] and 0.2% Triton X-100) for 30 minutes, and then incubated for up to 1 hour with FITC-conjugated antibody. After washing and blocking, slides were incubated for 1 hour with primary antibody diluted in blocking buffer at 37°C in a humidity chamber. Slides were then washed 3 times for 4 minutes each in 4ϫ SSC containing 2% Tween 20 and incubated with secondary antibody conjugated to TRITC fluorochrome. Secondary antibodies (Sigma Genosys) were used at 1:100 dilution. Interphase nuclei were counterstained with 4,6 diamino-2-phenylindole-dihydrochloride (DAPI).
Immunocytochemistry
Cells were harvested and washed in PBS and centrifuged at 800g for 5 minutes. Cells were cytospun and fixed in 2% paraformaldehyde (P-6148; Sigma Genosys) for 10 minutes at room temperature and washed 3 times for 3 minutes each. Cells were permeabilized in a Triton X-100 solution for 5 minutes at room temperature. The slides were blocked in a humidified chamber at 37°C for 1 hour with a solution of 10% FBS in PBS. After washing, slides were incubated for 1 hour with anti-phospho-histone H2AX antibody (1:100; Upstate) at 37°C in humidified chamber. Secondary antibody was anti-mouse IgG FITC conjugate (Sigma Genosys) at the dilution 1:100. After washing and drying the slide, DAPI (Vector Laboratories, Burlingame, CA) was used for counterstaining.
Imaging microscopic analysis
The slides were examined using Nikon fluorescent microscope Eclipse 80i (Melville, NY) with DAPI/FITC/TRITC triple-pass filters. The magnification of the objective lenses were 60ϫ/1.40 NA oil objective. Images were captured using a CCD (charge-coupled device) camera and software (Smart capture VP; Nikon); and data were analyzed. siRNA siRNA oligonucleotides were purchased from Dharmacon RNA Technologies (Chicago, IL). siRNA oligonucleotides used for WRN were 5Ј-AAGGCAUGUGUUCGGAAGAUU-3Ј and 3Ј-UUUUCCGUACA-CAAGCCUUCU-5Ј. For DNA ligase III␣, a target plus SMART pool from Dharmacon RNA Technologies were used. These oligonucleotides were transiently transfected into K562 and NC10 cell lines using Cell Line Nucleofector Kit V (VCA-1003) in Nucleofector II Amaxa biosystems.
For transfection, 10 L of 20 M siRNA was used for 10 6 cells. At the time optimal for silencing of these genes (72 hours after transfection), cells were harvested either to proceed Western blotting or DSB in vivo plasmid misrepair assay. Mock transfection and siRNA nontarget were used as controls.
In vivo plasmid misrepair assay
EcoR1-linearized pUC18 plasmids (Fermenta, Hanover, MDs) were transfected in siRNA nontarget, siRNA-silenced cells and Artemis-overexpressed cells using Amaxa Nucleofector Kit V. Plasmid DNA was extracted and used to transform E coli strain DH5␣ (Invitrogen), and the transformation mixture was plated onto agar plates containing X-gal and IPTG. Colonies were analyzed by counting the total number of white (misrepaired colonies) and blue (properly repaired colonies). Misrepair frequency were calculated by the number of white colonies as a percentage of total blue and white colonies. White colonies were characterized by polymerase chain reaction (PCR) amplification using primers 5Ј-CGGCATCAGAGCAGAT-TGTA-3Ј and 5Ј-TGGATAACCGTATTACCGCC-3Ј (Sigma Genosys) running 35 cycles at 60°C and detected on 1% agarose gel. The same primers were used for sequencing of repaired plasmids. DNA sequences at the deletion breakpoints were analyzed for regions of microhomology by comparison with wild-type pUC18 DNA sequences (BLAST search 35 ). Microhomologous DNA sequences are defined as small regions of nucleotide sequence identity between the broken DNA ends ranging from 1 to several base pairs in length, according to Paull and Gellert. 36 
Results
Reduced steady state levels of Artemis and DNA ligase IV in BCR-ABL-positive CML cell lines
BCR-ABL-positive CML cells produce increased ROS 4 ( Figure  S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article) that result in an increase in DSBs. 3, 5, 6 Notably, the repair of DSBs is clearly abnormal in BCR-ABL-positive CML cells, although the mechanism by which this altered repair occurs is unknown. 3, 5, 6 To examine the steady state levels of the key NHEJ proteins, including Ku70/86, DNAPKcs, DNA ligase IV/XRCC4, and Artemis, Western blotting analysis was performed in BCR-ABL-positive CML cells and compared with controls. We find that the CML cell lines (K562, MEG01, KU812, and Kasumi4) have significantly reduced steady state levels (4-to 7-fold) of Artemis (Figure 1Ai ), compared with 3 Epstein-Barr virus (EBV)-transformed B-cell lines (NC3, NC10, and NC108), established from 3 different healthy individuals, and a BCR-ABL-negative leukemia cell line MO7e (Figure 1Aii ). In addition, DNA ligase IV levels were 2-to 3-fold lower in CML cell lines, compared with appropriate controls ( Figure 1B) . Importantly, BCR-ABL-positive P210MO7e cells, compared with isogenic MO7e controls, confirm that the expression of BCR-ABL is associated with decreased levels of DNA ligase IV and Artemis ( Figure S2 ). Treatment of CML cells with the proteosome inhibitor MG132 had no effect on the levels of Artemis and DNA ligase IV, indicating that the reduced levels of these proteins in CML cells is not due to proteosomal degradation (data not shown).
Up-regulation of DNA ligase III␣ and WRN in BCR-ABL-positive CML cell lines
Recent studies have identified an alternative or backup NHEJ repair, involving DNA repair proteins, such as, DNA ligase III␣ and PARP1, that is characterized by increased repair errors. 25, 32, 37 To determine whether this backup NHEJ may contribute to altered DSB repair in CML, 38 we initially examined the steady state levels of candidate backup repair proteins, such as DNA ligase III␣, XRCC1, and PARP1, in BCR-ABL-positive CML cell lines (K562, MEG01, KU812, and Kasumi4). The steady state levels of DNA ligase III␣ were significantly elevated (3-to 6-fold) in BCR-ABL-positive cell lines, compared with control EBVtransformed B-cell lines (NC3, NC10, and NC108) ( Figure 1C ). DNA ligase III␣ was also elevated in BCR-ABL-positive CML, compared with BCR-ABL-negative leukemia cell lines, U937 and MO7e ( Figure 1D ). Furthermore, the steady state level of DNA ligase III␣ is increased in MO7e cells stably expressing BCR-ABL (P210MO7e), compared with isogenic MO7e cells ( Figure 1D ). In contrast, there were no significant changes in the levels of the single-strand break repair proteins, PARP1 and XRCC1, the partner protein of DNA ligase III␣ ( Figure 1C) .
Next, we examined expression levels of WRN protein, a RecQ helicase with 3Ј-5Ј exonuclease activity that has been implicated in NHEJ repair. [39] [40] [41] [42] Intriguingly, the steady state levels of WRN protein were also elevated (4-to 7-fold) in CML cell lines (K562, MEG01, KU812, Kasumi4) and P210MO7e, compared with control lymphoblastoid cell lines (NC3, NC10, and NC108) and the BCR-ABL-negative leukemia cell lines, U937 and MO7e ( Figure 1C,D) .
To provide additional evidence for the relationship between DNA ligase III␣ and WRN and expression of the BCR-ABL, we examined the levels of these proteins in bone marrow mononuclear samples (BM MNCs) from patients (n ϭ 4) at diagnosis, with different levels of BCR-ABL (Table S1 ). Nuclear extracts from patient cells demonstrate that the steady state levels of WRN and DNA ligase III␣ are reduced in patient sample (CML1) where BCR-ABL levels (60%) are significantly decreased, as assessed by fluorescence in situ hybridization (FISH) ( Figure 1E ; Table S1 ). In contrast, the level of the Ku86 subunit does not change significantly ( Figure 1E ). These data, together with those in Figure 1D , suggest that the increased steady state levels of DNA ligase III␣ and WRN may either be a direct effect of BCR-ABL or a consequence of the increased levels of ROS and DNA damage caused by BCR-ABL expression.
WRN and DNA ligase III␣ colocalize with DRneo at ISce-1-induced DSBs
To investigate the role of WRN and DNA ligase III␣ in DSB repair in BCR-ABL-positive CML, K562 and control NC10 cells were stably transfected with the DRneo plasmid that contains the ISce-1 restriction site that is not present in the mammalian genome (K562DRneo and NC10DRneo, Figure  2A ). 43 Subsequent transfection of these cells with expression constructs for ISce-1 endonuclease specifically induces a DSB into the genome of these cells. 43 A combined fluorescence in situ hybridization (FISH) immunostaining technique was used to determine whether DNA ligase III␣ and WRN localize to the ISce-1-induced DSBs. 34, 44 The efficiency of DSB induction, after transfection of the ISce-1 endonuclease, was determined by the nuclear colocalization of ␥H2AX, a key marker for DSBs, and the DRneo signal. Two hundred nuclei were analyzed from each of at least 3 experiments. Approximately 12% of K562DRneo ( Figures 2B, S3B ) and 8% of NC10DRneo ( Figure  S3A 
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WRN are specifically recruited to DSBs in CML cells, providing evidence that these proteins are participants in the altered DSB repair in these cells.
DNA ligase III␣ immunoprecipitates with WRN
To determine whether DNA ligase III␣ and WRN proteins associate in a complex, we performed immunoprecipitation experiments with WRN antibody. Notably, significantly higher amounts of DNA ligase III␣ were specifically coimmunoprecipitated from CML extracts compared with extracts from comparable control cell lines ( Figure 3A) . Similar results were obtained in reciprocal experiments using the DNA ligase III␣ antibody ( Figure 3B ). These data provide evidence for a novel complex containing WRN and DNA ligase III␣ that is present at higher levels in CML cells, compared with control cell lines. This presumably reflects the increased levels of WRN and DNA ligase III␣ in CML cells. Table S2 ). Together, these results suggest that both WRN and DNA ligase III␣ play a role in repair of endogenously generated DSBs in CML cells.
Next, we examined the role of WRN and DNA ligase III␣ in the repair of DSBs generated by exogenous agents in CML cells. The number of ␥H2AX foci was determined in K562 cells 6 hours after exposure to 2.5 Gy ␥-radiation. There was a marked defect in the repair of DSBs induced by ionizing radiation in cells with reduced levels of DNA ligase III␣ (P Ͻ .01; Figure 4B ,C; Table S2 ). In contrast, ionizing radiation in cells with low levels of WRN did not result in a significant increase in the number of ␥H2AX foci (Figure 4B ,C; Table S2 ), compared with nontarget controls, but the foci were much larger and were similar to those remaining in DNA ligase III␣ (knockdown cells).
Finally, to determine whether backup NHEJ plays a role in control lymphoblastoid cells, established from healthy individuals, we examined the frequency of DSB after siRNA knockdown of DNA ligase III␣ or WRN in NC10 cells ( Figure S4 ). As expected, NC10 cells had a lower number of spontaneous DSBs, as measured by ␥H2AX foci (1.5%; Table S3 ), compared with K562 cells (5% ;  Table S2 ). In response to 2.5 Gy irradiation, the frequency of ␥H2AX foci in NC10 cells increased to 5% (Table S3) , whereas 32% of K562 cells had more than 5 ␥H2AX foci (Table S2) . Knockdown of DNA ligase III␣ or WRN in NC10 control cells increased the frequency of spontaneous DSBs to 3% and, radiationinduced DSBs to 8% (Table S3 ). In contrast, knockdown of DNA ligase III␣ or WRN in K562 cells resulted in a much higher 
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siRNA down-regulation of WRN and DNA ligase III␣ decreases the end-joining efficiency in CML cells
To more directly define the role of WRN and DNA ligase III␣ in the repair of DSBs in CML, an in vivo plasmid end-joining assay was performed. After knockdown of either WRN or DNA ligase III␣ in K562 cells, a pUC18 plasmid containing a DSB within LacZ␣ was transfected into K562 cells. Circularized (repaired) plasmid DNA was extracted from the K562 cells and used to transform E coli, as previously reported. 10 Reducing the levels of either DNA ligase III␣ ( Figure 5A ; Table S4 ) or WRN ( Figure 6A ; Table S4 ) results in a 2-to 3-fold reduction in the number of colonies, indicating a decrease in end-joining efficiency in the BCR-ABL-positive CML cells (P Ͻ .01). Analysis of the colonies from the plasmid reactivation assays for their frequency of repair errors, that is, white (incorrectly repaired) versus total colonies (blue [correctly repaired] ϩ white) 10 , revealed that knockdown of DNA ligase III␣ results in a significant increase (P Ͻ .01) in the frequency of misrepaired colonies ( Figure 5B ; Table S4 ). There was no significant change in the percentage of misrepair events that resulted in large deletions, defined as more than 20 bp (Figure 5C ,D; Table  S4 ). In contrast, knockdown of WRN did not increase the frequency of misrepaired colonies ( Figure 6B ; Table S4 ), but there was a significant (P Ͻ .01) increase (approximately 3-fold) in the percentage of colonies with large deletions (Figure  6C ,D; Table S4 ).
To determine whether knockdown of either DNA ligase III␣ or WRN leads to differences in repair using DNA sequence microhomologies, we sequenced the breakpoint junctions of 15 repaired plasmids from each of the LacZ␣ reactivation experiments. The majority (80%) of plasmids in K562 cells are repaired using DNA microhomologies of 1 to 6 bp. In contrast, plasmids from cells with reduced levels of either DNA ligase III␣ (P Ͻ .001; Figure 5E ) or WRN (P Ͻ .001; Figure 6E ) had a reduction in the overall percentage of microhomologies and these constituted 1 to 3 bp in length (DNA ligase III␣, 25%; WRN, 40%) at the breakpoint junctions in repaired plasmids (Table 1 and 2 ; Table S4 ). We next determined that siRNA knockdown of either WRN or DNA ligase III␣ in CML cells results in a small but reproducible decrease in viability as measured by trypan blue exclusion ( Figure S5 ). Finally, to determine the contribution of the backup NHEJ pathway in control lymphoblastoid cells, we examined DSB repair after siRNA knockdown of DNA ligase III␣ or WRN in NC10 cells ( Figure S4 ). As expected, untreated NC10 cells have a very low frequency of misrepair (2.2%; Table S5 ), compared with K562 cells (18% ; Table S4 ). Thus, a large number of colonies were plated to have a sufficient number of misrepaired colonies for sequencing of the deletion breakpoints generated in NC10 cells This revealed that a small percentage of DSBs are repaired using DNA sequence microhomology (12% ; Table S5;  Table 1 ), compared with K562 cells (80% ; Table S4; Table 1 ). Notably, knockdown of DNA ligase III␣ or WRN did not result in a change in microhomologous sequences at the deletion breakpoints in NC10 cells (12% ; Table S5; Table 1 ). Whereas in K562 cells, there was a decrease in microhomologies (approximately 44%; Table S4; Table 1 ). Based on these results, we conclude that backup NHEJ does not contribute significantly to DSB repair in cells with no abnormalities in the major NHEJ pathway.
Artemis overexpression leads to a decrease in large deletions
To determine whether the reduced levels of Artemis contribute to the aberrant DSB repair in CML, Artemis was overexpressed in K562 cells ( Figure 7A ). Although Artemis overexpression did not significantly alter the end-joining efficiency ( Figure 7B ), there was a considerable decrease in the size of DNA deletions at misrepaired DSBs (P Ͻ .001; Figure 7C,D) . In addition, analysis of the breakpoint junctions from 15 repaired plasmids in K562 cells overexpressing Artemis showed a decrease in repair events involving DNA sequence microhomologies down to 33%, compared with empty vector controls (80%) (P Ͻ .001; Figure 7E ; Table 1 ). Thus, down-regulation of Artemis in CML results in abnormal processing of DSBs.
Discussion
BCR-ABL has been shown to induce a cycle of events whereby increased ROS production leads to DSBs that are repaired by an error-prone mechanism. Here we have identified a novel protein complex containing DNA ligase III␣ and WRN that is present in elevated levels and is involved in the repair of DSBs in CML cells. This complex participates in an alternative end-joining pathway that compensates for the decreased activity of the major NHEJ pathway resulting from reduced levels of Artemis and DNA ligase IV, in CML. We suggest that alternative end-joining mediated by DNA ligase III␣ and WRN contributes to disease progression by enabling cells to repair ROS-induced DSBs, albeit by a more error-prone pathway, ensuring the survival of CML cells at the cost of increased genomic instability.
Ku binding to DSBs is essential to initiate repair via the main NHEJ pathway. 11 Recent studies show that DNA-PKcs and DNA ligase IV are recruited independently to Ku-bound DSBs. 45 In addition to catalyzing the last step of the major NHEJ repair pathway, 14 studies in yeast show that the DNA ligase IV homologue, Dnl4, acts early in NHEJ, stabilizing Ku binding and that, in the absence of Dnl4, there is increased end resection. 46 In BCR-ABL-positive CML cells, we have shown that the steady state levels of DNA ligase IV are significantly reduced. This suggests that Ku binding may be destabilized in CML cells, resulting in increased end resection. In addition, because DNA ligase IV performs the final ligation of DNA ends, the reduced levels of DNA ligase IV are likely to cause a delay in the joining of DNA ends synapsed by DNA PK. Such a delay may lead to the loss of a few additional nucleotides from the ends.
Here, we show that the steady state levels of DNA ligase III␣ are elevated in CML cells and recruited to DSBs. This work provides further evidence that DNA ligase III␣, which normally plays a role in the repair of DNA single strand breaks and BER, 29,47 only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From participates in a backup pathway for NHEJ when DNA ligase IV levels are reduced. 25, 37 Notably, knockdown of DNA ligase III␣ in CML cells results in an increased frequency of misrepair but has no effect on the size of deletions. Based on these results, we propose that DNA ligase III␣ compensates for the reduced levels of DNA ligase IV by acting at DNA ends synapsed by DNA-PK. In addition, our data suggest that another ligase, possibly DNA ligase I, completes the repair events generating the deletions.
In addition to DNA ligase IV, the level of another key factor in the major NHEJ pathway, Artemis, is also markedly reduced in CML cells. Although the Artemis nuclease interacts with and is activated by DNA PKcs, it is thought to be required only for processing a subset of DSBs produced by such agents as ionizing radiation and ROS, defined as complex DSBs. 17 The reduced levels of Artemis do not appear to be caused by proteosomal degradation and cannot be explained by changes in the level of DNA PKcs because, we find that, in contrast to the report of Deutsch et al, 48 DNA PKcs is not reduced in CML cells. Notably, overexpression of Artemis in CML cell lines results in a reduction in the size of deletions. These results suggest that Artemis, in addition to participating in end processing, may play a role in stabilizing complexes containing DNA-PK that are assembled on DNA ends.
We find that the steady state levels of another DNA repair protein, WRN, are also elevated in BCR-ABL-positive CML cells. Although WRN is not considered to be one of the core NHEJ factors, it does bind to Ku, thereby increasing its exonuclease activity. [20] [21] [22] [23] However, the biologic relevance of the stimulation of WRN nuclease activity by Ku is not obvious because cells lacking WRN protein are not hypersensitive to ionizing radiation like other NHEJ-deficient cell lines and exhibit an increased incidence of deletions. 24 In addition, WRN is a substrate of the c-Abl kinase and is constitutively phosphorylated by BCR-ABL in CML cells, resulting in inhibition of exonuclease and helicase activities. 49 Here, we have shown that knockdown of WRN in CML cells leads to an increase in the size of deletions. Thus, it appears that WRN acts to protect DNA ends from nucleolytic resection. Presumably, the elevated levels of WRN in the CML cells reflect an attempt to prevent deletions at the ROS-induced DSBs. The mechanism by which WRN suppresses deletions is not known. It is possible that WRN only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From stabilizes complexes of NHEJ proteins at DNA ends. Alternatively, WRN may negatively regulate the activity of nuclease(s) that act at DSBs, thereby limiting resection.
One of the standard methods for discriminating between the end-joining pathways used to repair DNA ends is to examine the sequences at the joins; alternative NHEJ repair appears to use microhomology-mediated repair at DNA ends. [25] [26] [27] [28] CML cells repair approximately 80% of DNA ends using microhomologies. Knockdown of DNA ligase III␣ and WRN and overexpression of Artemis, proteins specifically altered in CML, led to a significant reduction in microhomology sequences at repair sites. Furthermore, the size of microhomology sequences appears to decrease with these experimental maneuvers. These data provide additional evidence for an alternative end-joining pathway that is operative in CML. In contrast, control lymphoblastoid cells established from healthy individuals infrequently repair DSBs using DNA sequence microhomologies. This is in line with the data of 28 suggesting that the contribution and/or activity of the alternative NHEJ pathway is low in wild-type cells.
Abnormal repair of ROS-induced DSBs is a characteristic feature of BCR-ABL-positive CML. Here, we have shown that both down-regulation of the major NHEJ pathway and upregulation of an error-prone alternative NHEJ pathway contribute to the altered DNA repair and genomic instability in CML cells. Elevated levels of DNA ligase III␣ and WRN compensate for DNA ligase IV deficiency. Because these proteins associate and colocalize with DSBs in CML cells, it seems likely that they functionally interact with DNA PK complexes formed at DNA ends. We suggest that the reduced levels of Artemis and/or DNA ligase IV result in decreased stability of DNA PK complexes at DNA ends that in turn leads to increased end resection. The identity of the protein factors involved in the repair pathway acting on the resected ends and generating the deletions is not known. Nonetheless, it is evident that there are major differences in the repair of DSBs in BCR-ABLpositive CML cells. Because resistance to imatinib is being reported with greater frequency, 50 this altered repair, in particular the alternative NHEJ pathway, constitutes an attractive target for the development of novel therapeutic strategies for CML. Thus, further characterization of the abnormal DNA repair in BCR-ABLpositive CML will not only provide insights into the role of genomic instability in disease progression, but may also lead to the development of novel therapeutic strategies in patients resistant to tyrosine kinase inhibitors. 
